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 Abstract 
Despite the commercial success of primary Zinc (Zn)-air batteries, rechargeable Zn-air batteries are 
still far behind meaningful performance levels. Among numerous challenges facing rechargeable Zn-
air batteries, from the material point of view, separator membranes should not be underestimated, 
along with other battery components such as anodes, cathodes and electrolytes. More particularly, 
crossover of soluble zincate (Zn(OH)42-) ions through separator membranes from Zn anode to air 
cathode, which significantly affects electrochemical performance of Zn-air cells, has hardly been 
addressed. Here, as a facile and scalable strategy to resolve the separator membrane-related issues, we 
demonstrate a new class of electrospun nanofiber mat-reinforced permselective composite membranes 
(referred to as ERC membranes) and explore their potential contribution to development of 
rechargeable Zn-air cells in terms of transport phenomena of hydroxyl (OH-) and Zn(OH)42- ions. The 
ERC membrane is fabricated by impregnating polyvinyl alcohol (PVA) into electrospun 
polyetherimide (PEI) nanofiber mat. The PEI nanofiber mat acts as a compliant framework to endow 
dimensional stability and mechanical strength. The PVA matrix, after being swelled with electrolyte 
solution, provides ion size (OH- vs. Zn(OH)42-)-dependent conductive pathways. This 
architecture/material uniqueness of the ERC membrane effectively suppresses permeation of bulky 
Zn(OH)42-
  
 ions without impairing OH- conduction, thereupon achieving exceptional cycle capacity 
retention of Zn-air cells far beyond those accessible with conventional microporus polyolefin 
separators. The ERC membrane featuring the ion size exclusion-based permselectivity opens a new 
membrane-driven opportunity that leads us closer toward rechargeable Zn-air batteries. 
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CHAPTER Ⅰ. Introduction 
 
Ⅰ.1. Principle of Zn-air batteries 
 The world is moving toward green energy that generates less CO2 emissions. However, there 
is a dichotomy between power production and CO2 emissions. Burning hydrocarbon releases a 
momentous amount of CO2 into the atmosphere. Therefore, various renewable energy sources are 
being developed as other energy resources, such as solar and wind energy, hydropower and other 
renewable energy sources. The development of high energy storage systems is important to store extra 
power for the increased demands and delivery to where it is required.1-2
 Most of today’s EVs, are moving toward using lithium(Li)-ion batteries for propulsion. 
However, Li-ion batteries have a driving range limited to 160 kilometers on a single charge and the 
batteries account for about 65% of the total cost. The theoretical energy density of gasoline is 13,000 
Wh kg
 In general, electrochemical 
energy storage possesses several profitable characteristics, including pollution free operation, a long 
life cycle, low maintenance and energy features. Batteries represent outstanding energy storage 
technology for the combination of renewable resources. There are some basic parameters that are 
essential to energy storage systems, such as energy density (Wh/L), power density (W/L), specific 
energy (Wh/kg), specific power (W/kg), cycle life, safety and cost. The energy sources as for 
powering EVs need high specific energy and high specific power. The characteristics of high specific 
energy is advantageous for long driving range, whereas the high specific power is favorable for high 
acceleration rate and hill climbing capability. 
−1 and the energy density of Li-ion batteries is around 100–200 Wh kg−1. Therefore, new energy 
systems with higher energy densities are prominently desired. Metal-air batteries such as Li-air, 
zinc(Zn)-air, aluminum(Al)-air and magnesium(Mg)-air batteries are promising for next generations 
of EVs because they use oxygen(O2) from the air as the electrode of the battery(Figure 1.1), reducing 
the weight of the battery and expanding more space devoted to energy storage.1-11
 Among several metal–air batteries researched to date, alkaline Zn-air battery have a high 
energy density (a theoretical value approximately reaches 1084 Wh kg
 
-1 and is relative stable. Also, 
advantages of Zn are many and obvious: Zn is a readily available, cheap material, its constant 
discharge voltage and environmentally harmless, going to ZnO after playing out in a battery (ZnO is 
easily recyclable).5-7, 10
 
 Currently, primary Zn-air batteries are commercially available and used for 
hearing aids, railway signals and navigation lights. The overall electrochemical reactions in Zn-air 
battery can be expressed as follows(Figure 1.2): 
At the anode :  
 Zn + 4OH− ↔ Zn(OH)42− + 2e−    Eo = −1.25 V vs. NHE 
2 
 
 Zn(OH) 42− → ZnO + H2O + 2OH
At the cathode :  
− 
 O2 + 2H2O + 4e− ↔ 4OH−    Eo
Overall reaction :  
 = 0.40 V vs. NHE 
 2Zn + O2 ↔ 2ZnO    Eo
 
 = 1.65 V 
 Recently, rechargeable Zn–air batteries have been researched for portable and EV 
applications, but commercial applications are still inhibited by several problems, including non-
uniform Zn dissolution, ZnO precipitation, Zn anode dendrite formation and inadequate bi-functional 
(oxygen reduction reaction (ORR) and also oxygen evolution reaction (OER)) air cathodes. 
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Figure 1.1. Theoretical and practical energy densities of various types of rechargeable battery. 5
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Figure 1.2. Working principle and each electrode reaction of zinc-air battery. Note the red circle 
where three phase reaction (oxygen (gas), catalysts (solid) and electrolyte (liquid)) occur in air 
cathode. 5
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 The separator in Zn-air batteries is to prevent electrical contact between the positive and 
negative electrodes but to selectively transport the ions (hydroxly ion, OH−). The requirements of a 
separator are chemical stability toward the alkaline electrolyte, electrochemical stability at the 
potentials, suitable porosity and pore sizes, low resistance to ionic conduction and high resistance to 
electrical conduction. In addition, in the light of the possible dendritic growth of Zn deposits in 
batteries, separators should have strong structural resistance to the perforation of Zn dendrites for the 
safety and long-term reliability of batteries. Microporous polyolefin membranes can be commonly 
used as the separator in a Zn–air battery, such polypropylene(PP) as Celgard 4560, Celgard 
5550(Figure 1.2a, b)12
 Among researches of Zn-air batteries' separator, gel-type polymer electrolytes (GPEs) have 
been investigated. Representative GPE examples include KOH electrolyte-swollen polyvinyl alcohol 
(PVA), polyacrylic acid (PAA), polyvinyl chloride (PVC) and their blends/composite membranes.
and Ceglard 3501.  
13-15
 Recently, G. M. Wu and coworkers suggested that sulfonation of nonwoven polyolefin 
separators improves their hydrophilicity, and as a result increases the ionic conductivity of a 
separator(Figure 1.3c, d).
 
16 Zn–air batteries assembled from surface treated separators exhibited an 
improved peak power density of 27–38 mW cm−2. H. Saputra and coworkers reported inorganic 
membranes based on MCM-41 mesoporous silica.17They dip-coated a Zn anode with MCM-41 
membrane, and assembled it with a air cathode in electrolyte. The full battery showed a maximum 
power density of 32 mW cm−2 and a volumetric energy density of 300 Wh L−1
 One disadvantage of commercialized polyolefin separators is that porous structure could be 
possible to permeate Zn(OH)
, comparable to 
commercial Zn–air button cells. 
4
2- easily from Zn anode to air cathode, giving rise to an increased 
polarization and decreased battery cycling efficiency. Y. Kiros suggested a novel method to control the 
permeability of Zn(OH)42- by introducing Mn(OH)2 , to the microporous membrane.18 E. L. Dewi and 
coworkers reported that cationic polysulfonium, poly(methylsulfonio-1,4-phenylenethio-1,4-
phenylene trifl uoromethanesulfonate) effectively suppressed the permeation of Zn2+ from Zn anode 
to air cathode as compared to commercial separators such as PP(Figure 1.3e, f). 19
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Figure 1.3. (a) The cross section and (b) top-view image of Celgard 5550 used in Zn-air batteries. (c) 
(c) SEM image of the highly sulfonated s-PP/PE membrane (sulfonation time 128 h) and (d) the cell 
potential and power density curves of the Zn-air cells using the different separators. (e) Scheme of 
modified electrode using polysufonium and (f) discharge capacity for Zn–air battery with Celgard 
5550 and polysulfonium membrane as separator.19
  
 
7 
 
CHAPTER Ⅱ. Electrospun nanofiber mat-reinforced, permselective polyvinyl alcohol 
composite separator membranes: A membrane-driven step closer toward rechargeable Zn-air 
batteries 
 
Ⅱ.1. Introduction 
 As a prospective power source candidate to outperform current state-of-the-art lithium ion 
batteries, metal-air batteries exploiting lithium-air, magnesium-air and Zn-air electrochemistry have 
recently garnered a great deal of attention owing to their potentially high energy density and 
unlimited/free supply of air as a main battery reactant.2, 8-11 Among various metal-air battery systems, 
particular attention has been devoted to Zn-air batteries as one of viable future options due to their 
high energy density (a theoretical value approximately reaches 1084 Wh kg-1), flat working voltage, 
good safety, ecological benefits and low-cost active materials.2, 5
 Currently, primary Zn-air batteries are commercially available and used for hearing aids, 
railway signals and navigation lights. However, rechargeable (specifically, in terms of full 
charge/discharge) Zn-air batteries are still far behind meaningful performance levels.
  
2, 4-7 In particular, 
electrode-related problems including non-uniform Zn dissolution, Zn oxide precipitation, Zn anode 
dendrite formation and inadequate bi-functional (oxygen reduction reaction (ORR) and also oxygen 
evolution reaction (OER)) air cathodes, together with hydrogen gas-triggered structural disruption of 
electrodes and unwanted formation of side products (e.g., K2CO3
 In general, Zn-air batteries are composed of anode (based on Zn metal), cathode 
(incorporating metal oxide-based catalysts), electrolyte (comprising alkaline potassium hydroxide 
(KOH) solution) and separator membranes. Overall electrochemical reaction of electrodes in alkaline 
electrolyte solution for Zn-air batteries was well described in previous studies.
), are critical issues to be urgently 
resolved. In addition, similar to other open power systems, Zn-air batteries also suffer from 
evaporation-induced loss of liquid electrolytes, resulting in performance degradation with operating 
time. 
4-7 To date, most 
research efforts on Zn-air batteries have been dedicated to electrochemically active materials, with a 
particular focus on electrode materials.20-22 Unfortunately, separator membranes have not been the 
center of attention,13-14, 18, 23
 When cells are discharged, oxidized zinc (Zn
 despite their important roles in suppressing electrical contact between 
electrodes and also allowing ionic transport.  
2+) ions at Zn anode react with OH- ions, 
immediately leading to the formation of Zn(OH)42- ions (i.e., Zn → Zn2+ + 2e-, Zn2+ + 4OH- → 
Zn(OH)42-). From the viewpoint of electrochemical rechargeability, the Zn(OH)42- ions should be 
located preferentially around Zn anode, which thus could facilitate reverse reaction (i.e., Zn(OH)42- 
8 
 
→ Zn2+ + 4OH-, Zn2+ + 2e- → Zn) upon charging. However, Zn(OH)42- ions, together with OH- ions, 
tend to easily pass through separator membranes toward cathode side.4-5, 7, 18 In comparison to the Zn 
anode side, ZnO solubility is very low at the cathode side (that is open to air) mainly because of 
asymmetric water evaporation-induced electrolyte deficiency. As a consequence, conversion of 
Zn(OH)42- ions to Zn oxide (ZnO) is accelerated at the air cathode. These newly formed ZnO powders 
on the air cathode could act as a resistive layer inert to ion/electron conduction and thus give rise to 
the loss of capacity with cycling.2, 4-5 Considering these electrochemical reactions at both anode and 
cathode, transport phenomena of ions via separator membranes should be carefully controlled in 
pursuit of suppressing Zn(OH)42- crossover as well as facilitating conduction of OH-
Currently, microporous polyolefin separator membranes are most widely used in Zn-air batteries.
 ions. 
4-7, 23 
Although the polyolefin separator membranes have many advantageous attributes (including electrical 
insulation, chemical/electrochemical stability and high ionic conductivity) suitable for use in Zn-air 
batteries, they fail to prevent soluble Zn(OH)42-
 As a promising solution to overcome these drawbacks of conventional microporous 
polyolefin separator membranes, gel-type polymer electrolytes (GPEs) have been investigated.
 ions from passing through their electrolyte-filled 
pores, resulting in the unwanted increase of cell polarization and capacity loss with cycling. In 
addition, microporous polyolefin separators have limitations in retarding the growth of Zn dendrites, 
which may eventually reach the counter electrode via the electrolyte-filled pores, possibly giving rise 
to internal short-circuit failure of cells. 
13-14, 18 
Representative GPE examples include KOH electrolyte-swollen polyvinyl alcohol (PVA), polyacrylic 
acid (PAA), polyvinyl chloride (PVC) and their blends/composite membranes. In addition, an anion 
exchange membrane based on polysulfonium was reported as a single ion-conductive membrane,19 
however, experimental data on the suppression of Zn(OH)42- crossover were hardly provided. They 
mentioned that crossover of Zn2+ ions is a major cause for the performance loss, therefore an anion 
exchange membrane having donnan exclusion effect is required to enable selective permeation of OH- 
ions. However, in strong basic condition, Zn2+ ions promptly react with OH- ions, resulting in the 
formation of Zn(OH)42- ions.4-7, 18 Strictly saying, the ions passing through separator membranes are 
Zn(OH)42- ions, not Zn2+ ions. Besides the polymeric separator membranes, inorganic membranes 
based on MCM-41 mesoporous silica were reported.17 However, fragile and brittle attributes of the 
inorganic membranes posed a critical obstacle hampering their practical application. These previous 
studies on separator membranes have strongly emphasized the importance of Zn(OH)42- crossover in 
achieving electrochemical rechargeability,2, 4-7, 13-14, 18, 23 however, most of them did not quantitatively 
elucidate the relationship between transport phenomena of Zn(OH)42-/OH-
 Here, as a facile and scalable strategy to address the abovementioned separator membrane-
 ions and electrochemical 
performance of Zn-air cells.  
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related issues, we demonstrate a new class of electrospun nanofiber mat-reinforced composite 
membranes (referred to as “ERC membranes”). A basic architecture of ERC membrane was inspired 
by porous substrate-reinforced ion conductors for use in proton exchange membrane fuel cells 
(PEMFCs).24-26
 The ERC membranes presented herein are composed of electrospun polyetherimide (PEI) 
nanofiber mats (denoted as “PEI nanomats”) and PVA GPE (i.e., KOH liquid electrolyte-swollen 
PVA). The PEI nanofiber mats act as a compliant physical framework to endow dimensional 
stability/mechanical strength. In comparison to typical electrospun fiber materials such as 
polyvinylidene fluoride (PVdF), polyacrylonitrile (PAN) and polyethylene terephthalate (PET), PEI 
shows excellent chemical resistance against strong basic electrolytes that are used for Zn-air batteries. 
Meanwhile, the PVA GPE, which exists inside the PEI nanomat, is expected to provide ion size (OH
 A representative example is the Gore-Select® membrane, where 
polytetrafluoroethylene (PTFE) porous substrate is filled with perfluorosulfonic acid (e.g., Nafion) 
polymers. Various ion conductors and porous substrates have been investigated to develop advanced 
reinforced composite membranes with reliable electrochemical/mechanical properties. 
- 
vs. Zn(OH)42-)-dependent conductive pathways, wherein bulky Zn(OH)42- ions may suffer from 
passing through the electrolyte-filled free volume of PVA matrix compared to small-sized OH- ions. 
These unique structural/physicochemical features of the ERC membrane (i.e., the combined effect of 
PEI nanomat and PVA GPE) enable the suppression of Zn(OH)42- permeation without impairing OH-
  
 
conductivity, thereupon providing significant improvements in cycle capacity retention of Zn-air cells. 
To the best of our knowledge, this is the first report demonstrating the unprecedented benefits of 
separator membranes (in terms of ion size exclusion-based permselectivity), which act as a kind of 
pseudo-electrochemically active cell component facilitating the development of rechargeable Zn-air 
batteries. 
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Ⅱ.2. Experimental 
 
Ⅱ.2.1. Structural design and fabrication of ERC membranes  
 A PEI nanomat was fabricated using an electrospinning technique.27-28 Chemical structure of 
PEI, along with that of PVA, was depicted in Figure 2.1. The PEI solution (PEI concentration = 25 
wt%), which was prepared by dissolving PEI (Ultem 1000) in a solvent mixture of dimethylacetamide 
(DMAc)/N-methyl-2-pyrrolidone (NMP) = 3/7 (w/w), was electrospun at 9 kV with a feed rate of 3 
μL min-1. The electrospun PEI nanofibers were collected on a stainless steel plate positioned at a 
distance of 10 cm from the electrospinning nozzle. The PEI nanofiber sheet was then subjected to roll 
pressing at 100 oC, leading to the PEI nanomat. The PEI nanomat was treated with 6M KOH solution 
at 60 oC for 4 h in order to enhance its hydrophilicity, thereby contributing to facile impregnation of 
PVA matrix. The PEI nanomat substrate was extended on a glass frame and then filled with 5 wt% 
PVA solution (PVA (Mw = 89,000 ~ 98,000 g mol-1, Aldrich) in H2O). After drying at 80 o
  
C for 3 h, 
the ERC membrane with a thickness of 27 (± 5) μm was obtained. As a control sample, besides a 
commercial polypropylene (PP) battery separator Celgard3501, a pristine PVA film (thickness ~ 27 (± 
5) μm) was also prepared by the same solution casting method as the one used for the ERC 
membranes. 
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Figure 2.1. Chemical structure of: (a) PEI (Ultem 1000) and (b) PVA (Mw ~ g mol-1
 
). 
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Ⅱ.2.2. Structural/physicochemical characterization of ERC membranes  
 The morphological analysis of membranes was conducted by a field emission scanning 
electron microscope (FE-SEM, FEI) equipped with an energy-dispersive spectrometer (EDS). The 
functional groups of membranes were elucidated using a FT-IR spectrometer (ALPHA-P, Bruker) 
with a spectral resolution of 4 cm-1. The X-ray diffraction (XRD) patterns were obtained on a Bruker 
diffractometer with Cu Kα radiation. The mechanical properties of membranes, with a focus on tensile 
properties, were measured using a universal testing machine (AGS-100NX, SHIMADZU). The 
electrolyte uptake (ΔW (%) = [(Wwet − Wdry)/Wdry] × 100) of membranes was analyzed by measuring 
the weight difference of membranes before/after being immersed in the 6M KOH electrolyte solution 
at room temperature as a function of soaking time.24-25 Subsequently, the electrolyte uptake-induced 
dimensional change of membranes was also estimated using the equation of ΔA (area-based, %) = 
[(Awet − Adry)/Adry] × 100 and ΔV (volume-based, %) = [(Vwet − Vdry)/Vdry] × 100.24-25
 
  
Ⅱ.2.3. Characterization of transport phenomena in ERC membranes  
 The ion conductivity of (KOH electrolyte-swollen) separator membranes was examined 
using an AC impedance analysis (VSP classic, Bio-Logic) over a frequency range of 1 - 106 Hz at 
room temperature. For this measurement, a unit cell (2032-type coin) was fabricated by mimicking a 
coin cell configuration used for traditional lithium-ion batteries,14, 29 where the separator membrane 
was sandwiched between two stainless steels serving as a kind of blocking electrode (Figure 2.2a). To 
analyze Zn(OH)42- crossover of membranes, we elaborately designed a diffusion cell, which was 
conceptually similar to the analysis apparatus used for vanadium ion crossover in redox-flow 
batteries.30-32 The left chamber of the diffusion cell was filled with 6M KOH electrolyte solution (100 
ml) containing 0.5M Zn(OH)2, while the right one solely contained 6M KOH electrolyte solution 
(100 ml). Between the two chambers, a separator membrane was placed. Both chambers of the 
diffusion cell were continuously stirred to prevent concentration polarization. In the right chamber, 
samples were regularly taken at a predetermined time interval (= 12 h) and then the time-dependent 
concentration variation of Zn(OH)42- ions (specifically, Zn element) was quantitatively monitored 
using inductively coupled plasma atomic emission spectrometry (ICP-OES, Varion). In addition, from 
the experimental data of Zn(OH)42- crossover, diffusion coefficients of Zn(OH)42- ions across 
separator membranes were calculated using the following equations 33-34
  
: 
( ) ( )( )tCC
L
AD
dt
tdCV BABB −=  (1) 
 
, where D is the diffusion coefficients of Zn(OH)42- ions (m2 s−1); A is the effective area of membrane 
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(m2); L is the thickness of the membrane (m); CA is the concentration of Zn(OH)42- ions in enrichment 
side (here, left chamber, mol L−1); CB is the concentration of Zn(OH)42- ions in deficiency side (right 
chamber, mol L−1); and t is the elapsed time (s). Assuming that volume of deficiency side (VB) is 
constant, the value of CA
 
 can be approximately regarded as a constant by employing a large volume 
(100 mL) of solution and thus the Eq. (1) can be simplified to: 
t
LV
DA
CC
C
BBA
A =





−
ln  (2) 
 
Finally, by plotting ln(CA/(CA − CB
  
)) vs. t as shown in Figure 2.11, the diffusion coefficient (D) can 
be obtained. 
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Figure 2.2. (a) A schematic illustration of a unit cell (2032-type coin) used for ionic conductivity 
measurement of an electrolyte-swollen membrane, wherein the membrane is sandwiched between two 
stainless steels serving as a kind of blocking electrode. (b) An assembly diagram of a Zn-air cell, 
wherein the major cell components are integrated in the following order: Zn gel anode (2.5 x 2.0 x 0.2 
(cm x cm x cm)), separator membrane (3.5 x 3.0, (cm x cm)) and air electrode (6.0 x 2.0, (cm x cm)). 
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Ⅱ.2.4. Electrochemical characterization of rechargeable Zn-air batteries  
 A Zn-air cell was fabricated using rectangular shaped acrylic plastic (bottom cap) and 
stainless steel (top cap) casing containers (dimension (length x width) = 6.5 x 5.0 (cm x cm)).22 
Assembly diagram of the Zn-air cell was displayed in Supporting Information Figure 2.2b. The major 
cell components were integrated in the following order: Zn-based gel as an anode (2.5 x 2.0 (cm x 
cm)), membrane (3.5 x 3.0 (cm x cm)) and air electrode (6.0 x 2.0 (cm x cm)). The Zn gel anode 
consisted of Zn powder (average size = 100 ~ 200 μm), poly acrylic acid (PAA, Mw = 1,250,000) as a 
gelling agent and 6M KOH electrolyte solution, where the weight-based composition ratio of Zn 
powder/PAA/KOH electrolyte was 50.0/1.5/48.5 and nickel (Ni) foil was used as a current collector. 
Meanwhile, as an air cathode, a commercialized one (ADE75 (catalyst = Co3O4), MEET) was used. 
The stainless steel plate with 38 small holes (diameter = 0.1 cm) was employed as a top cap to allow 
passage of air into the cell. Here, to minimize evaporation-induced water loss in the electrolyte 
solution without hampering air infiltration into cells during cell operation, a couple of hydrophobic 
tri-layer (polypropylene/polyethylene/polypropylene) microporus separator membranes (Celgard 2320) 
were inserted between the air cathode and top cap. The cell performance was examined using a 
potentiostat/galvanostat (VSP classic, Bio-Logic) at room temperature, where the cell was discharged 
and charged at a constant current density of 10 mA cm-2 under a voltage range of 0.0 (discharge cut-
off) - 2.0 V (charge cut-off).22, 35 After reaching the charge cut-off voltage, the cells were subjected to 
constant voltage (CV) mode for 5 h prior to restarting discharge reaction. We admit that the 
charge/discharge conditions of cells chosen herein were not yet optimized for the exact analysis of 
cell performance. Further works on tuning of charge/discharge conditions need to be conducted with 
particular attention to electrode stability and open system-triggered side effects. After cycling test, in 
order to examine (Zn(OH)42-
  
 crossover-induced) ZnO powders that are newly deposited on the air 
cathode, the air cathode surface was characterized using X-ray Photoelectron Spectroscopy (XPS, 
Thermo Fisher) with focused monochromatized Al Kα radiation. 
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Ⅱ.3. Results and discussion 
 
Ⅱ.3.1. Fabrication and structural/physicochemical characterization of ERC membranes  
 The stepwise manufacturing procedure of ERC membranes was schematically depicted in 
Figure 2.3. The PEI nanomat was fabricated using an electrospinning technique (Figure 2.3a). 
Subsequently, the electrospun PEI nanomat was immersed in the PVA solution, leading to the 
formation of ERC membrane (thickness ~ 27 (± 5) μm). No detectable levels of structural defects or 
pinholes were observed in the ERC membrane (Figure 2.3b). A cross-sectional SEM image (Figure 
2.3c) verifies the successful impregnation of PVA into the PEI nanomat. An inset image shows a 
cross-sectional view of the ERC membrane, wherein the holes represent the space originally occupied 
by the PEI nanofibers (that were selectively removed using NMP solvent prior to the SEM 
characterization). The measurement of weight difference before/after the elimination of PEI 
nanofibers presents that the composition ratio of PEI/PVA was 31.6/68.4 (w/w). Meanwhile, the 
slightly uneven distribution of PVA (specifically, thin PVA layer localized at the bottom part) in the 
through-thickness direction of the ERC membrane was observed. Further works will be performed to 
improve this asymmetric morphology by optimizing the impregnation process. 
It should be noted that the nonporous structure of the ERC membrane is a salient difference compared 
to the microporous PP separator (Celgard3501, Figure 2.4) that is widely used in conventional Zn-air 
cells. In the ERC membrane, OH- ions are allowed to move via (KOH electrolyte solution-swollen) 
PVA matrix, wherein KOH electrolyte solution preferentially exists in free volume of randomly 
entangled PVA chains. 13-15, 18 In comparison to the OH- ions, relatively bulky Zn(OH)42-
  
 ions may 
suffer from passing through the electrolyte-swollen PVA matrix. This ion size exclusion-based 
permselective transport behavior of the ERC membrane is conceptually illustrated in Figure 2.3. More 
detailed results and discussion will be provided in next section. 
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Figure 2.3. Schematic illustrations of overall manufacturing procedure and morphological 
characterization of ERC membranes: (a) electrospun PEI nanomat; (b) FE-SEM image (surface); (c) 
FE-SEM image (cross-sectional), wherein an inset shows the morphology after the selective removal 
of PEI nanofibers using NMP solvent. 
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Figure 2.4. A FE-SEM photograph of microporous polyolefin separator (Celgard3501). 
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 The structural uniqueness of the ERC membrane was further elucidated by analyzing the FT-
IR and XRD profiles. Figure 2.5a shows that the characteristic peaks assigned to the PEI nanomat 
(1355, 743cm-1 (C-N stretching and bending) and 1234 cm-1 (aromatic ether C-O-C))36 and PVA film 
(3320, 2911 and 1084 cm-1 corresponding to vibration of –OH, –CH2 and C–OH groups)37 appear at 
the ERC membrane without any detectable peak shift. Meanwhile, the change in characteristic peaks 
of pristine PEI nanomat before/after the KOH treatment (Figure 2.6a), specifically disappearance of 
peaks at 1780 and 1720 cm-1 (ascribed to asymmetrical/symmetrical stretching of imide carbonyl 
groups) and also generation of new peaks assigned to -OH groups over 3000 ~ 3500 cm-1, exhibits the 
hydrophilicity improvement. As a consequence, the KOH-treated PEI nanomat facilitated the 
impregnation of polar PVA solution (Figure 2.6b). The comparison of XRD profiles between the 
samples (Figure 2.5b) is another evidence to prove the presence of PEI nanomat and PVA in the ERC 
membrane. A characteristic peak around 2θ = 20 o, corresponding to the (101) plane of semi-
crystalline PVA,14, 38
 To enable commercially-meaningful continuous (e.g., roll-to-roll) cell assembly process, 
separator membranes should provide robust mechanical properties. Figure 2.5c shows that the ERC 
membrane was wound along a plastic rod (diameter = 5.0 mm) and also was not mechanically broken 
after being almost folded. Tensile properties of the ERC membrane, PVA film and Celgard3501 were 
examined (Figure 2.7). The ERC membrane presents the higher tensile modulus than the PVA film 
and Celgard3501, although its tensile strength at break is lower than that of Celgard3501. Notably, the 
comparison in the tensile properties between the ERC membrane and PVA film underlines the 
beneficial effect of PEI nanomat as a mechanically-reinforcing framework. 
 was observed at the ERC membrane as well as the PVA film. 
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Figure 2.5. Structural analysis of ERC membrane (with a focus on PEI nanomat and PVA matrix): (a) 
FT-IR peaks; (b) XRD profiles. (c) Photographs showing mechanical flexibility of ERC membrane 
upon winding (rod diameter = 5.0 mm) and folding. 
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Figure 2.6. Effect of KOH treatment on hydrophilicity improvement of the electrospun PEI nanomat: 
(a) FT-IR spectra (showing disappearance of peaks at 1780 and 1720 cm-1 attributed to imide 
carbonyl groups and new peak formation corresponding to -OH groups over 3000 ~ 3500 cm-1); (b) 
comparison of impregnation of polar PVA solution into PEI nanomat (before vs. after KOH treatment). 
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Figure 2.7. Tensile properties of ERC membrane, PVA film and Celgard3501: (a) stress-strain curve; 
(b) summary of major tensile characteristics of the membranes. 
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 Electrolyte uptake of ERC membranes is required to enable their ionic conduction. Owing to 
the presence of PVA matrix that is known to easily absorb water molecules,13-15 the ERC membrane 
provides the high electrolyte uptake even without microporous structure (ΔW ~ 87 (± 5) %, after 
reaching equilibrium state, Figure 2.8), which thus allows good ionic conductivity (σ = 0.0131 S cm-1, 
Figure 2.9a) comparable to that (= 0.0137 S cm-1, Figure 2.9b ) of Celgard3501. Meanwhile, except 
for Celgard3501 of which micropores are filled with liquid electrolyte (Figure 2.10a), the electrolyte 
uptake of gel-type membranes tends to provoke polymer swelling-induced dimensional change. The 
pristine PVA film, after being swelled with electrolyte solution (ΔW ~ 118 (± 5) %, Figure 2.8), 
showed the serious change in its dimension (ΔA ~ 20 % & ΔV ~ 83%, Figure 2.10b). Moreover, a 
number of large-sized cracks were found in the electrolyte-swollen PVA film after exposure to 6M 
KOH electrolyte solution for 12 h (right image of Figure 2.10b)39-40
  
, which may reveal chemical 
degradation of PVA chains caused by the attack of strong basic electrolyte solution. By contrast, the 
substantial improvement in dimensional change (ΔA ~ 0 % & ΔV ~ 50 %) and also chemical tolerance 
was observed at the ERC membrane (Figure 2.10c) due to the presence of PEI nanomat (PEI film 
itself hardly absorbed liquid electrolyte (ΔW ~ 0 %, Figure 2.8)), exhibiting its chemical inertness 
against KOH electrolyte solution). This result demonstrates the advantageous effect of the PEI 
nanomat as an effective reinforcing framework on structural/dimensional stability of the ERC 
membrane. The volume change (ΔV ~ 50 %), which solely arises from the thickness-direction 
swelling, may be attributed to the asymmetric morphology of the ERC membrane (Figure 2.3c). 
Further studies will be implemented to improve volume expansion and chemical tolerance of the ERC 
membrane. 
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Figure 2.8. Variation in electrolyte uptake of ERC membrane, PVA film and PEI film at room 
temperature as a function of soaking time in 6M KOH electrolyte solution. 
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Figure 2.9. Nyquist plot for estimating ionic conductivity of: (a) ERC membrane and (b) 
Celgard3501. 
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Figure 2.10. Electrolyte uptake-induced dimensional change (ΔA (area-based, %) = [(Awet − 
Adry)/Adry] × 100, ΔV (volume-based, %) = [(Vwet − Vdry)/Vdry
  
] × 100)) of separator membranes, after 
being swollen in 6 M KOH electrolyte solution at 25 °C for 24 h: (a) Celgard3501; (b) pristine PVA 
film; (c) ERC membrane. 
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 As a prerequisite to achieve electrochemical rechargeability of Zn-air cells, crossover of 
soluble Zn(OH)42- ions from Zn anode to air cathode needs to be minimized. In this respect, a 
separator membrane, offering ion-conducting channels between the electrodes, plays a crucial role in 
affecting transport phenomena of Zn(OH)42- ions as well as OH- ones. Here, a specially-designed 
diffusion cell (Figure 2.11a) was prepared to quantitatively elucidate Zn(OH)42- crossover through 
membranes. To visualize the crossover phenomena, 0.1 wt% thymol blue (one of color indicators 
commonly used for detecting basic solution) was added to the left chamber of the diffusion cell and 
then color change in the right chamber was monitored as a function of elapsed time. Figure 2.11b 
shows that the ERC membrane effectively suppresses the crossover of thymol blue compared to 
Celgard3501. In addition to this preliminary result, to better mimic the operating condition of Zn-air 
cells, 0.5M Zn(OH)2 solution was added in the left chamber and the concentration difference-driven 
Zn(OH)42- crossover through the membranes was quantitatively investigated using the ICP-OES 
measurement. Figure 2.11c shows that, for all the membranes, the Zn(OH)42- concentration in the 
right chamber tends to increase with elapsed time. Consistent with the results of the thymol blue 
indicator, the ERC membrane significantly prevents the Zn(OH)42- crossover while the Celgard3501 
shows a steep rise in the Zn(OH)42- concentration with time. In addition, the ERC membrane presents 
the lower Zn(OH)42-
 From this experimental result, diffusion coefficients (D) of Zn(OH)
 crossover than the PVA film, indicating that the electrochemically-inert PEI 
nanomat of the ERC membrane additionally contributes to the crossover prevention.  
4
2- ions through the 
membranes were calculated using the formula (2). Figure 2.11d shows that the diffusion coefficient (D 
= 3.2 x 10-6 cm2 min-1) of the ERC membrane is approximately three times lower than that (= 12.3 x 
10-6 cm2 min-1) of Celgard3501, confirming the superiority of the ERC membrane in terms of 
suppressing Zn(OH)42- crossover. The Zn(OH)42- ions are larger in size than the OH- ions, implying 
that the bulky Zn(OH)42- ions may be sluggish in passing through the (KOH electrolyte solution-
swollen) PVA matrix compared to Celgard3501 with (KOH electrolyte solution-filled) micropores. As 
a result, the ERC membrane could effectively prevent the Zn(OH)42- crossover with little deteriorating 
the OH- conductivity. Future studies will be devoted to an in-depth analysis of electrochemical force-
driven Zn(OH)42-
  
 crossover across membranes during charge/discharge reaction of Zn-air cells. 
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Figure 2.11. Quantitative analysis of Zn(OH)42- crossover through membranes: (a) schematic 
depiction of a specially-designed diffusion cell; (b) photographs visualizing the crossover of thymol 
blue (0.1 wt%) from the left chamber to the right one; (c) variation of Zn(OH)42- concentration in the 
right chamber as a function of elapsed time; (d) a Fick’s 1st law-based plot for calculating diffusion 
coefficients of Zn(OH)42-
  
 ions across separator membranes. 
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Ⅱ.3.2. Advantageous effects of permselective ERC membranes on electrochemical performance 
of Zn-air cells 
 The electrochemical stability window of the ERC membrane was investigated using a Pt 
electrode.13-15
 The structural information of the Zn powders (used for Zn gel anode) and air cathode chosen 
herein was provided in Figure 2.13. Although the electrodes and cell configuration need further 
optimization for ensuring reliable rechargeability of Zn-air cells, our attention was dedicated to the 
relative comparison between the ERC membrane and Celgard3501, in terms of capacity retention with 
cycling. The electrolyte-swollen PVA film (Figure 2.14), unfortunately, provoked an internal short-
circuit failure during cell operation because of its poor structural stability (verified by the large-sized 
cracks and defects) and thus was not able to be charged (i.e., failed to reach charge cut-off voltage) 
after 1st discharge reaction. 
 The analysis of voltammogram profiles (Figure 2.12) shows that no significant 
decomposition of any components in the ERC membrane takes place under the operating voltage 
range, demonstrating its good electrochemical stability comparable to that of Celgard3501. 
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Figure 2.12. Voltammogram profiles of ERC membrane and Celgard3501, wherein no significant 
decomposition of any components in the ERC membrane takes place under the operating voltage 
range (-1.0 ~ 0.8 V vs. Pt/Pt2+
  
), disclosing its good electrochemical stability comparable to that of 
Celgard3501. 
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Figure 2.13. Structural information of Zn powders (used for Zn gel anode) and air cathode of Zn-air 
cells. 
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Figure 2.14. Structural/electrochemical characterization of a Zn-air cell incorporating the electrolyte-
swollen PVA film (after 1st cycle): (a) a photograph (upper part) of the disassembled cell and (b) a 
FE-SEM image (bottom part) of the PVA membrane inside the cell, showing poor structural stability 
during the cell operation; (c) charge/discharge profiles demonstrating the internal short-circuit failure 
(after 1st cycle).  
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Figure 2.15 shows the discharge/charge performance of Zn-air cells incorporating the ERC 
membrane (or Celgard3501) as a function of cycle number. Upon 1st discharge reaction (here, the 
cells were fully discharged to reach a discharge cut-off voltage of 0.0 V), both Celgard3501 and ERC 
membrane present normal voltage profiles and discharge capacity (Figure 2.15a, b), exhibiting the 
potential applicability of the ERC membrane as an alternative separator membrane for Zn-air cells. A 
slight increase in the discharge capacity was found at the ERC membrane (~ 645 mAh g-1 vs. ~ 563 
mAh g-1
 A notable difference between the ERC membrane and Celgard3501 was found in the 
discharge capacity at 2nd cycle (Figure 2.15b, e). Whereas the Celgard3501 shows the discharge 
capacity of 34 mAh g
 at Celgard3501), which may be ascribed to its intimate interfacial contact with electrodes and 
also better electrolyte retention. The structure/material uniqueness (i.e., KOH liquid electrolyte-
swollen PVA and also PEI nanofiber mats acting as a compliant physical framework) of the ERC 
membrane may enable the superior mechanical compliance (contributing to favorable physical 
compatibility with electrodes) and also the retarded loss of KOH electrolyte solution with time, in 
comparison to the Celgard3501 having electrolyte-filled micropores. Future studies will be devoted to 
elucidating the effect of membrane structure and properties on the initial discharge capacity of Zn-air 
cells. 
-1, the ERC membrane presents the substantially higher discharge capacity of 
213 mAh g-1
  
. To visualize this advantageous effect of the ERC membrane, operating time of a 
pinwheel connected to the Zn-air cell was measured during the 2nd discharge reaction (Figure 2.15c, 
f). The Zn-air cell containing the ERC membrane operated a pinwheel for approximately 81 min, 
while a pinwheel connected to the Zn-air cell with the Celgard3501 stopped after about 18 min. This 
is another evidence to underline the contribution of the ERC membrane in facilitating development of 
rechargeable Zn-air cells. 
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Figure 2.15. Electrochemical performance of Zn-air cells assembled with Celgard3501 ((a)-(c)) or 
ERC membrane ((d)-(f)): (a), (d) discharge profiles upon 1st discharge reaction; (b), (e) 
charge/discharge profiles after 2nd cycle; (c), (f) photographs showing the operation time of a 
pinwheel connected to the Zn-air cell. 
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To further elucidate the advantageous effect of ERC membranes on the capacity retention 
with cycling, structural variation of the air cathode was examined with a focus on Zn(OH)42- 
crossover phenomena. Figure 2.16a shows that, for the Celgard3501, flower-shaped ZnO powders 
were deposited on the air cathode just after 1st cycle. These peculiar flower-like ZnO powders are 
known to be generated by the precipitation of Zn(OH)42- ions in the strong basic condition.41-42 
Furthermore, after 5th cycle, the cathode surface was almost covered with the ZnO powders. The 
white powders observed in the photograph and also the characteristic Zn2p peaks of XPS spectra43 
(inset images of Figure 2.16a) confirm the deposition of ZnO powders on the air cathode. Because a 
Zn-air cell is an open system (i.e., air comes through a top cap with holes positioned on top of an air 
cathode), possibly causing asymmetric water evaporation-induced electrolyte deficiency in the 
through-thickness direction of the cell, the ZnO solubility may become lower at a cathode compared 
to an anode. As a consequence, when Zn(OH)42- ions reach toward an air cathode via a separator 
membrane, precipitation of Zn(OH)42-
By comparison, the ERC membrane remarkably suppressed the formation of ZnO powders 
on the air cathode (Figure 2.16b). Even after 7th cycle, the cathode surface was relatively clean and 
presents very weak Zn2p peaks from XPS spectra (inset images of Figure 2.16). This result is 
consistent with the cycle capacity retention of Zn-air cells (shown in Figure 2.15). The unique 
functionality of the ERC membrane as an alternative separator membrane for potential use in 
rechargeable Zn-air cells is conceptually illustrated in scheme 2.1. In contrast to Celgard3501 having 
electrolyte-filled micropores, which are not capable of providing ion size exclusion effect for selective 
migration of OH
 ions to ZnO powders on air cathode surface could be 
accelerated. The deposited ZnO powders are likely to block effective surface area of the air cathode 
and act as a resistive layer impeding electrochemical reaction, thus provoking the deterioration in 
capacity retention with cycling. 
- and Zn(OH)42- ions, the ERC membrane effectively prevents Zn(OH)42- crossover 
with little hampering transport of OH-
Although the 2nd discharge capacity of the cell with the ERC membrane was significantly improved 
compared to that of Celgard3501, however, the cell still suffered from the loss in discharge capacity 
with cycling (Figure 2.15d, e). This result unveils that there still remain a number of challenges to be 
resolved for developing rechargeable Zn-air cells with reliable and sustainable electrochemical 
properties, which include the electrolyte loss (mainly arising from open system-induced drying and 
Zn oxidation reaction), hydrogen gas-triggered structural disruption of electrodes and formation of 
side products such as K
 ions. This result demonstrates the exceptional ion size 
exclusion-based permselectivity of the ERC membrane far beyond those achievable with conventional 
microporus polyolefin separators. 
2CO3 (generated from unwanted reaction between KOH and CO2, Figure 
2.17), in addition to critical challenges facing rechargeability of electrode materials themselves.  
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Figure 2.16. SEM and EDS images of air electrode surface after cell test; (a) Separator :  
Celgard3501(after 1st cycle and 5th cycle), (b) Separator : ERC membrane(after 1st cycle and 7th
 
 cycle) 
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Scheme 2.1. A schematic illustration underlying the transport superiority (i.e., size exclusion-based 
permselectivity far beyond that accessible with conventional microporus polyolefin separators) of 
ERC membrane as an alternative separator membrane for rechargeable Zn-air cells. 
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Figure 2.17. EDS images of air cathode surface, revealing the unwanted formation of side products 
such as K2CO3 (generated from reaction between KOH and CO2
 
) during cycling test: (a) 
Celgard3501 (after 5th cycle); (b) ERC membrane (after 7th cycle). 
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Ⅱ.4. Conclusion 
 In summary, we demonstrated the ERC membrane as a new membrane-driven opportunity to 
facilitate development of rechargeable Zn-air cells. Our particular attention was devoted to exploring 
the unusual contribution of the ERC membrane to electrochemical performance of the Zn-air cells in 
terms of permselective transport of OH- and Zn(OH)42- ions. The soluble Zn(OH)42- crossover from 
Zn anode to air cathode, which is considered as one of critical challenges in rechargeable Zn-air 
batteries, was quantitatively analyzed using a specially-designed diffusion cell. In comparison to the 
microporus Celgard3501, the ERC membrane consisting of the (KOH electrolyte solution-swollen) 
PVA matrix and electrochemically-inert PEI nanomat effectively suppressed the bulky Zn(OH)42- 
crossover without impairing the OH- conductivity. This exceptional (ion size exclusion-based) 
permselectivity of the ERC membrane played a key role in improving the cycle capacity retention of 
Zn-air cells. More notably, the 2nd discharge capacity (~ 213 mAh g-1) of the ERC membrane was 
almost 7 times higher than that (~ 34 mAh g-1
  
) of the Celgard3501. The advantageous effect of ERC 
membrane on the capacity retention of Zn-air cells was verified by conducting an in-depth structural 
analysis of cathode surface after the cycling test. There is no doubt that a number of technical issues 
(including electrode materials and cell design) still lie ahead in developing rechargeable Zn-air cells, 
however, the ERC membrane presented herein holds a great deal of promise as a kind of reliable 
pseudo-electrochemically active cell component that leads us closer toward practically-meaningful 
rechargeable Zn-air batteries. 
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